Objectives: To determine the effect of increasing docosahexaenoic acid (DHA, 22 : 6 n-3) in breast milk on infant fatty acid pro®les. A secondary aim was to examine aspects of neural development. Design and Setting Double blind, placebo controlled study of infants recruited from postnatal wards at Flinders Medical Centre. Subjects: Fifty-two healthy term infants who were breast fed for at least 12 weeks and were from middle class families. Intervention: Breast milk with DHA concentrations that ranged from 0.1±1.7% of total fatty acids. This was achieved by supplementation of the maternal diet for the ®rst 12 weeks post partum. Results: Breast milk DHA was related to infant plasma (r 0.89, P`0.001) and erythrocyte (r 0.88, P`0.001) phospholipids in a saturable curvilinear manner so that breast milk DHA above 0.8% of total fatty acids resulted in little further increase in infant plasma or erythrocyte DHA levels. The rise in plasma and erythrocyte DHA was approximated by a fall in total n-6 polyunsaturated fatty acids. We could detect no relationship between visual evoked potential acuity (measured at 12 and 16 weeks) of infants by either the dietary grouping or the DHA status of individuals. A stepwise multiple regression showed that infant erythrocyte DHA at 12 weeks and home stimulation were the only independent factors associated with Bayley's MDI at 1 y (adjusted model r 2 0.18, P`0.005); while at 2 y gender and social score of the spouse were the only signi®cant predictors of Bayley's MDI (adjusted model r 2 0.22, P`0.005). Conclusions: Increasing breast milk DHA levels caused a dose dependent saturable increase in infant plasma and erythrocyte phospholipid DHA. There were no long-term effects of infant DHA status on indices of neurodevelopment.
Introduction
Breast milk contains a variety of long chain polyunsaturated fatty acids (LCPUFA) including docosahexaenoic acid (DHA, 22 : 6 n-3). Infants can be exposed to a wide range of DHA levels in breast milk that are largely dependent on the dietary intake of the mother (Harris et al, 1984; Henderson et al, 1992; Makrides et al, 1996) . For example, breast fed Korean or Malaysian infants would receive up to ®ve times the amount of DHA of their Western cousins (Kneebone et al, 1985; Choue et al, 1995) . Supplementing the diet of Western women with ®sh oil rich in n-3 LCPUFA results in elevated levels of the n-3 LCPUFA eicosapentaenoic acid (EPA, 20 : 5 n-3) and DHA (Henderson et al, 1992) , but no systematic study on the effect of a single individual n-3 PUFA have been conducted. The availability of a unicellular oil containing DHA as its only PUFA gave us the opportunity of examining the effect of increasing DHA in the maternal diet on breast milk fatty acid composition (Makrides et al, 1996) ; increased dietary DHA resulted in a linear increase in breast milk DHA but did not affect other breast milk PUFA (Makrides et al, 1996) . This paper reports on the primary aim of the study which was to examine the effect of varying the DHA concentration in breast milk on the LCPUFA status of exclusively breast fed term infants.
Several studies have reported that children who were breast fed as infants had superior development compared with those who were formula fed (Rogan & Gladen, 1993; Lucas et al, 1992; Morrow-Tlucak et al, 1988) . This has been related to the presence of the DHA in breast milk, a fatty acid which is not included in most formulas. The association between dietary DHA and improved retinal and neural outcomes has been veri®ed in both observational studies and randomised trials involving both term and preterm infants (Birch et al, 1992a; Birch et al, 1992b; Makrides et al, 1995; Carlson et al, 1993; Agostoni et al, 1995) .
The dose of DHA required for optimal neural response has not been addressed. Such reports have prompted some authors (Nettleton, 1993; Holman et al, 1991) and Nutrition Committees (British Nutrition Foundation Task Force, 1992) to recommend that nursing mothers increase their intake of DHA in order to furnish DHA for their infants. However, such recommendations assume that the DHA requirement for optimal infant development is known and that the level of DHA in the breast milk of Western omnivorous women is limiting for neural function. Thus, our secondary aim was to investigate whether two neural indices of infants (visual evoked potential (VEP) acuities and Bayley's Scales of Development) were dependent on the DHA concentration of breast milk.
Methods

Subjects
Mothers of term infants (b 37 weeks gestation) who intended to breast feed for at least 12 weeks were recruited to participate in this study. These mothers were randomised to receive one of ®ve doses (0, 0.2, 0.4, 0.9 or 1.3 g DHA/ d) of a DHA-rich algal oil (DHASCO, Martek Biosciences, MD, USA), between day 5 and week 12 post partum (Makrides et al, 1996) . The oil contained 43% DHA, 1% n-6 PUFA, 38% saturates and 18% monounsaturates. Infants who were exclusively breast fed for 12 weeks were assessed. All infants were healthy, appropriate weight for gestation and had apgar scores greater than 7 at 5 minutes post birth. Written consent was obtained from all mothers according to the protocol approved by the Committee on Clinical Investigations (Ethics) at Flinders Medical Centre.
Research plan
Length of gestation, birth anthropometrics, parental social class (Daniel, 1983) and education levels (Makrides et al, 1995) were recorded at enrolment. Infant growth was assessed by weight, length and head circumference at 12 weeks, 1 and 2 y of age. Growth measurements were used as an index of nutritional status and to con®rm that all infants were appropriate weight, length and head circumference for age. All 52 infants, whose mothers successfully completed the supplementation phase of the study (12 weeks) were assessed for visual function at 12 and 16 weeks, and for global development at 1 and 2 y of age. Infants' dietary intake of DHA was assessed by measuring breast milk DHA levels at the end (week 12) of supplementation.
Regular telephone contact was maintained with all mothers to support and encourage breast feeding. Length of breast feeding was de®ned as weeks of exclusive breast feeding without formula or cows milk supplements.
Blood samples from infants (200 mL) were taken by heel prick at 12 weeks of age for assessment of plasma and erythrocyte phospholipid fatty acids. Plasma and erythrocytes were separated by centrifugation and the erythrocytes were washed three times with isotonic saline. Plasma and erythrocyte lipids were extracted with chloroform : methanol (Bligh & Dyer, 1959) and chloroform : propanol (Broekhuyse, 1974) , respectively. The phospholipid fractions of both plasma and erythrocyte lipid extracts were separated by thin-layer chromatography, methylated and quanti®ed by capillary gas chromatography (Makrides et al, 1996) .
VEPs were recorded under transient conditions using the Enfant 4010 system (Neuroscienti®c Corp. Farmingdale, NY, USA) when infants were 12 and 16 weeks of age. Infants were seated, with a parent, 1 m away from a 19 HH monitor presenting high contrast black and white checkerboard pattern reversal (2 Hz) stimuli. The active electrode was placed 3 cm above the inion, the reference electrode at 30% of the nasion-to-inion distance and the inactive electrode was on the forehead. Two recordings were performed at each checkerboard pattern and these were subsequently averaged. Seven different checkerboard patterns were tested at each age (10, 14, 20, 28, 35, 42 and 55 min of arc at 12 weeks and 7, 10, 14, 20, 28, 42 and 55 min arc at 16 weeks). The P100 latency of the averaged VEP at each checkerboard pattern was recorded. The peak to peak amplitude of the VEP (N1-P100) response was measured and plotted against log of the angle subtended by each check size. The linear portion of the plot was extrapolated to 0 mV to give the theoretical value that would just elicit a response (log of the minimum angle of resolution, logMAR). Hence, lower logMAR values represent better visual acuity as these infants are capable of eliciting responses to smaller checkerboard patterns. Points were excluded from the regression if they were not on the linear portion of the stimulus-response function or represented amplitudes of 2 mV. VEP acuity extrapolations were accepted as valid only if there were at least three points and the regression line was signi®cant (P`0.05). The process of conducting the VEP test was similar to our earlier published work (Makrides et al, 1995) although the hardware and software was updated to allow a greater range of checkerboard patterns to be presented to the infant, and thus more points were available for a more reliable extrapolation.
Each infant was also assessed at 1 and 2 y of age using the Bayley's Scales of Infant Development. Mental (MDI) and Psychomotor (PDI) Developmental Indices were standardised for age based on established reference norms (Bayley, 1969) . All mothers also completed a short questionnaire assessing the amount of stimulation a child receives in the home (Coons et al, 1981) .
Statistics
Differences in plasma and erythrocyte fatty acids between diet groups were examined by one-way analysis of variance (ANOVA). Relationships between breast milk DHA and infant plasma and erythrocyte phospholipid fatty acids were plotted and curve ®tting models were used to establish regressions. One way ANOVA was also used to test for differences between dietary groups for VEP acuity, Bayley's MDI and PDI. Paired t-test was used to determine the effect of age on VEP acuity between 12 and 16 weeks. Associations between DHA in breast milk, DHA status of the infant and neural indices were tested using Pearson correlation coef®cients. One MDI data point appeared to lie outside the range of all others. Investigations failed to ®nd a legitimate reason to exclude the value from the data set but outlier analysis indicated that it was a major weighting factor to the correlation calculation (Mahalanoblis distance of greater than 6). This point was therefore excluded from the statistical analysis. A stepwise multiple regression was used to predict independent factors associated with Bayley's MDI. Statistical analyses were completed using SPSS for Windows 6.0 (SPSS Inc, Chicago) and Sigma Plot for Windows 2.0 (Jandel Corp, San Rafael) was used for curve ®tting.
Results
All 52 infants who were exclusively breast fed for 12 weeks were assessed at 12 and 16 weeks and 1 y of age. Two infants were lost to follow-up at 2 y because the families had relocated interstate. Infants who completed the study had mature mothers (mean age 30 AE 4 y), were from middle class families and on average had parents who had completed year 12 education (Table 1 ). The parents of these infants also provided the infants with above average stimulation in the home (Table 1 ). The average duration of breast feeding was 37 AE 15 weeks and 20 infants were exclusively breast fed for 52 weeks (Table 1) . There was a predominance of boys in the group that received the highest dose of DHA (Table 1 ). All infants grew well and were appropriate weight, length and head circumference at birth, 12 weeks, one and two years of age.
Plasma and erythrocyte fatty acids
The mean fatty acid composition of plasma and erythrocyte phospholipids at 12 weeks of age for each dietary group are listed in Tables 2 and 3 , respectively. Infant plasma and erythrocyte phospholipid DHA were related to breast milk DHA in a saturable curvilinear manner (r 0.89, P`0.001 for plasma; r 0.88, P`0.001 for erythrocytes, Figure 1 ). The level of DHA in plasma and erythrocytes reached a plateau when breast milk DHA was % 0.80% total fatty acids. We previously reported that increasing maternal dietary DHA had no effect on breast milk EPA levels (Makrides et al, 1996) . Despite this, infant EPA levels rose slightly in plasma and erythrocyte and were diet dependent. In contrast, levels of 22 : 5 n-3 in infant tissues were negatively related to dietary DHA although the effect was also small.
The increase in infant plasma and erythrocyte phospholipid DHA was approximately matched by a decline in total n-6 fatty acids from plasma and erythrocyte phospholipids (Figure 1 ). Infant plasma and erythrocyte phospholipid arachidonic acid (AA, 20 : 4 n-6) was negatively associated with breast milk DHA (Figure 1 ) despite the relatively constant intake of AA from breast milk (Makrides et al, 1996) . There were also negative associations between breast milk DHA and infant linoleic acid (LA, 18 : 2 n-6; r 70.33, P`0.05 for plasma; r 70.37, P`0.01 for erythrocytes), 22 : 4 n-6 (r 70.65, P`0.001 for plasma; r 70.60, P`0.001 for erythrocytes) and 22 : 5 n-6 (r 70.68, P`0.001 for plasma; r 70.61, P`0.001 for erythrocytes).
VEP
More VEP acuity results were excluded at 12 weeks (50%) than at 16 weeks (31%) ( Table 4) . Reasons for excluding a % total fatty acids in human milk as DHA AE s.d., from the groups of women consuming supplements with 0, 0.2, 0.4, 0.9 and 1.3 g DHA per day. b The highest rank (1) was assigned to professionals and academic occupations and the lowest rank (6) was assigned to unskilled occupations. c Education was ranked using a seven point scale where 0 was used for no formal education, 1 for primary school level, 2 for mid secondary school level, 3 for the completion of secondary school, 4 for the completion of a certi®cate or diploma, 5 for a tertiary degree and 6 for a higher degree. ND not detected,`0.05% of total fatty acids.
Values with different superscripts indicate signi®cant differences (P`0.05). data included dif®cult behaviour (4 infants at 12 weeks only) or extrapolations not meeting our acceptance criteria. We could detect no difference in VEP acuity between the dietary DHA groups at either 12 or 16 weeks of age although numbers were limited in each treatment group. P100 latency of all groups improved with age and increasing check size (Figure 2 ). VEP acuity also improved with age (0.83 AE 0.13 logMAR at 12 weeks vs 0.73 AE 0.09 log MAR at 16 weeks, P`0.01, n 19). There was no association between VEP acuity and the level of DHA in breast milk, infant plasma or erythrocytes. There was also no association between any socio-demographic variables and VEP acuity.
Bayley's MDI and PDI
On average, all infants scored approximately one s.d. above the expected mean for MDI at one (116 AE 12) and two (115 AE 17) y of age while PDI scores were similar to the expected mean of 100 (98 AE 19 at 1 y; 100 AE 17 at 2 y). Bayley MDI at 1 y was found to correlate with DHA indices of the infant's diet and status, although no associations were found at two years (Table 5) . Length of breast feeding was also correlated with Bayley's MDI at 1 y but not at 2 y of age. The association between length of breast feeding and Bayley's MDI, at 1 y, was not due simply to the fact that those in the highest DHA intake groups breast fed longest. Length of breast feeding was collinear with indices of social status, education and home stimulation. The social score and level of education of the partner as well as the amount of stimulation children received in the home were consistent predictors of Bayley's MDI at both ages. Whether the partner smoked was also related to Bayley's MDI at 1 y but not 2 y of age (Table 5) .
In post hoc analysis we investigated the relationship between 1 and 2 y Bayley's MDI and DHA status at the end of the supplementation period in a stepwise linear regression model that also included gender, gestational age, apgar score at 5 mins, birth weight, birth head circumference, socio-economic status and level of education of both parents, exposure to cigarette smoke, an index of home stimulation, duration of breast feeding and number of siblings as independent variables. At 1 y, the model showed that home stimulation (partial r 2 0.11; adjusted r 2 0.09, P`0.05) and erythrocyte DHA (partial r 2 0.10; adjusted r 2 0.09, P`0.05) were the only signi®cant predictors (r 2 0.22; adjusted r 2 0.18, P`0.005). By 2 y of age the model only included gender plus the social score of the partner as predictors of Bayley's MDI (r 2 0.25; adjusted r 2 0.22, P`0.005). PDI was similar in infants between dietary groups at both ages. There were no associations with any sociodemographic variables at 1 y. The only association at 2 y was between PDI and the level of education of the partner (r 2 0.10; adjusted r 2 0.08, P`0.05).
Discussion
This study is unique because infants were fed breast milk with a range of DHA levels achieved by supplementing the diet of the mother with an oil that contained DHA with no other PUFA. The study design had an advantage over directly supplementing the infants because the mother was a biological ®lter that provided DHA in the form of breast milk fats rather than fats from algae. Furthermore, supplementing the maternal diet with only DHA did not cause perturbations to other breast milk PUFA (Makrides et al, 1996) . This enabled us to investigate the relationship between breast milk and infant DHA status and between infant fatty acids and neural indices of a homogeneous group of exclusively breast fed infants. Our data demonstrate that the level of DHA in infant plasma and erythrocytes is related to the level of DHA in breast milk in a curvilinear manner. The curve reaches a plateau when breast milk contains about 0.8% of total fatty acids (Figure 1 ). Our data provide the ®rst dose-tissue response curves for dietary DHA in human infants and indicate that incorporation of DHA is saturable. A similar curvilinear relationship between dietary n-3 LCPUFA and status of DHA in heart, liver and kidney has been reported in suckling mice (Huang et al, 1992) .
The increase in blood phospholipid DHA matched a reduction in total n-6 PUFA more closely than AA alone. Furthermore, the reduction in plasma and erythrocyte AA did not appear to be due to a direct exchange between AA and DHA such as has been reported for dietary EPA (Gibson et al, 1992) . EPA itself was not present in the dietary supplement given to mothers and supplementation caused no increase in the level of EPA normally found in breast milk (Makrides et al, 1996) . Furthermore, because EPA remained below 1% of total fatty acids in all infants it suggests that little or no retroconversion of DHA to EPA occurred in these infants. Our results are therefore easier to interpret than earlier studies in which ®sh oils rich in both EPA and DHA were fed, because any reduction in n-6 PUFA in the current study can be attributed to increased incorporation of DHA alone (Henderson et al, 1992) . A secondary aim of this study was to address the assumption that the level of DHA in breast milk was limiting with regard to development of neural function. Our results indicate that there was no relationship between VEP acuity and dietary grouping or the level of DHA in breast milk fed to individual infants. However, the large number of exclusions from the VEP acuity determinations reduced the power of the study raising the possibility of a type II error. The number of exclusions was greater than expected at 12 weeks of age which may have been due to the fact that some infants may not have developed binocularity at this age so that some children may have had dif®culty focusing on the monitor (Skoczenski & Norcia, 1994) . Despite this, we were able to demonstrate all anticipated maturational changes in the VEP. For example, P100 latency improved with check size and age ( Figure 2 ) and VEP acuity also improved with age (Table 4 ). These maturational changes were similar to reported reference ranges (McCulloch & Skarf, 1991; Sokol, 1978) .
Our results suggest that increasing DHA in breast milk during the ®rst 12 weeks of life has a small but signi®cant effect on MDI scores measured at 1 y but this effect was not evident at 2 y. It is important to note however that our study had limited power. Such ®ndings provide interesting pilot data and are an impetus for much larger studies with increased power. The data did demonstrate that indices of socio-economic status, parental education and the degree of stimulation the child receives in the home were all consistently related to performance on the mental scale of the Bayley's test at both ages. These data underscore the powerful nature of such environmental factors in affecting development even in our relatively advantaged sample of children who, on average, had parents who completed high school, had professional/non-manual jobs and provided stimulating home environments (Table 1) .
It is important to note that the study was not designed to test whether preformed DHA is a conditionally essential nutrient for term infants since our study did not include a formula (no DHA) reference group. All the infants in this study had a minimum mean erythrocyte phospholipid DHA level of 5.8 AE 0.6% total fatty acids. In our earlier cross sectional study of breast and formula fed infants where we correlated VEP acuity with erythrocyte phospholipid DHA, the range of erythrocyte DHA values was between 2 and 7% total fatty acids (Makrides et al, 1993) . Randomised studies comparing infants fed placebo (no DHA) formulas with those fed DHA supplemented formulas have demonstrated that it is possible to improve erythrocyte DHA levels but have reported con¯icting results (Makrides et al, 1995; Agostoni et al, 1995; Auestad et al, 1997) . These studies require careful interpretation since each study has compared a mixture of LCPUFA, from different sources, in a variety of background formula fat blends. Although the level of DHA supplementation in the current study was high, it remains unique because we were able to vary a single fatty acid, namely DHA, in the breast fed infant's diet.
Conclusion
This study has characterised the plasma and erythrocyte fatty acid response of exclusively breast fed infants fed a range of DHA levels that cover all reported ranges (Innis, 1992) . From our secondary end points there was no evidence that such an intervention affected the development of VEP acuity, while there was some suggestion that early DHA may be positively related with Bayley's MDI at 1 y of age. It is, however, likely that the effect of a single dietary factor will be small compared with social and environmental in¯uences in infants that are healthy and born at term. Large studies will be necessary to delineate such subtle effects.
